The cardiac high molecular weight proteins/ryanodine receptors were purified to homogeneity from junctional sarcoplasmic reticulum membranes and shown to exhibit large conductance calcium channel activity. High molecular weight proteins were solubilized from junctional sarcoplasmic reticulum in zwitterionic detergent and purified by size-exclusion chromatography followed by sucrose density gradient centrifugation. The purified proteins exhibited an apparent 1^=400,000-350,000, and bound [ 
T he principal function of the sarcoplasmic reticulum (SR) in cardiac and skeletal muscle is to regulate the intracellular concentration of ionized calcium. 1 Calcium released from SR contributes to muscle contraction, and calcium uptake into SR gives rise to muscle relaxation. Morphological'â nd biochemical studies 3 - 4 have demonstrated that cardiac and skeletal muscle SR is subspecialized. For skeletal muscle, it has been well demonstrated that calcium release occurs mainly from junctional SR during muscle contraction. 3 - 6 The mechanisms of calcium uptake into SR and the proteins responsible for this uptake have been extensively studied in both tissues (for a review, see Tada et al 7 ) . However, the mechanisms of excitation-contraction coupling and SR calcium release are less well understood. 8 Recent advances have contributed significantly to our understanding of the mechanisms of junctional SR calcium release. Calcium uptake by junctional SR vesicles is low under basal conditions but is stimulated by both ryanodine 410 and ruthenium red 9 -10 in the absence of any direct effect of these agents on Ca 2+ -dependent ATPase activity. This implies that ryanodine and ruthenium red decrease calcium efflux from junctional SR vesicles. 4 -9 -10 Consistent with this, Meissner" demonstrated directly that ryanodine and ruthenium red decrease calcium-45 efflux from junctional SR vesicles prepared from cardiac or skeletal muscle and postulated that these two agents selectively act on the calcium-induced calcium-release channel. 12 More recent studies have demonstrated that ryanodine binds with high affinity to a receptor localized to the junctional SR membrane of both cardiac and skeletal muscle. l3~16 Using the planar lipid bilayer technique, calcium-activated, adeninenucleotide-sensitive calcium or barium channels have been demonstrated in junctional SR vesicles isolated from rabbit skeletal 17 and canine cardiac muscle. 18 These observations have provided key functional and quantitative biochemical assays for ultimate purification of the ryanodine receptor/calcium-release channel from both cardiac and skeletal muscle. Recently, Inui et al 13 purified the ryanodine receptor from rabbit skeletal muscle SR by a combination of column chromatography steps. The purified receptor consisted of three major polypeptides of M r =360,000, 330,000, and 175,000. Campbell et al' 9 immunoprecipitated the ryanodine receptor protein solubilized from skeletal muscle triads and found it to be a single polypeptide of Af r =35O,OOO. Further work from this latter group demonstrated that the immunoprecipitated ryanodine receptor exhibits calcium channel activity when reconstituted into planar lipid bilayers. 20 The channel had a mean slope conductance of 35 pS in 54 mM barium or calcium, but channel opening was not regulated by ryanodine or micromolar calcium, prerequisites essential for demonstrating that the ryanodine receptor and the calcium-release channel are identical proteins.
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Very recently, Lai et al 22 reported that the purified ryanodine receptor from skeletal muscle exhibits channel activity that is regulated by calcium, ATP, and ryanodine. Inui et al 16 isolated the cardiac ryanodine receptor and found it to be similar in biochemical characteristics to the skeletal muscle receptor. The purified cardiac ryanodine receptor exhibited channel activity with a slope conductance of 72 pS [50 mM Ca(OH) 2 trans; 2.5 fiM CaCl 2 cis]. 23 Ryanodine binding 13   -24 as well as single-channel   17   -21 activities of cardiac and skeletal muscle ryanodine receptor complexes in intact SR vesicles have been shown to exhibit subtle differences in allosteric regulation. This suggests that distinct protein isoforms of the ryanodine receptor may exist in cardiac and skeletal muscle. We report here a method for the purification of the ryanodine receptor to homogeneity from canine cardiac ventricular muscle. The receptor is composed of a 400,000-350,000 dalton polypeptide doublet, which corresponds to the junctional SR high molecular weight (HMW) proteins previously characterized by our laboratory. 10 When reconstituted into artificial planar lipid bilayers, the cardiac ryanodine receptors are shown to behave as large conductance calcium channels. The channels are regulated by calcium, ATP, and ryanodine, properties unique to the calcium-release channel.
17
- 21 Our data suggest the identity of the ryanodine receptor, the calcium-release channel, and the HMW proteins in canine cardiac junctional SR vesicles.
Materials and Methods

Membrane Preparation
Junctional SR vesicles were isolated from canine cardiac left ventricular tissue essentially as described previously. 4 - 25 Modifications included the omission of the calcium oxalate loading step and high ionic strength salts from the sucrose gradient solutions. Briefly, left ventricular tissue was minced and homogenized in 10 mM NaHC0 3 three times for 30 seconds with a Polytron (Lucerne, Switzerland). The homogenate was centrifuged in a Beckman Model JA-14 rotor (Fullerton, California) at 8,700 rpm for 20 minutes. The supernatants were sequentially centrifuged in a Beckman Model JA-14 rotor at 10,000 rpm for 20 minutes and in a Beckman Model JA-20 rotor at 19,000 rpm for 30 minutes. Pellets from the 19,000-rpm spin were resuspended in 30 mM histidine (pH 7.0) and centrifuged in a Beckman Model JA-20 rotor at 19,000 rpm for 30 minutes. The sedimented material was resuspended in 0.25 M sucrose and 10 mM histidine (pH 7.0), and SR subtractions were separated by centrifugation through discontinuous sucrose gradients (0.25,0.6,0.8, 1.0, and 1.5 M sucrose steps in 10 mM histidine) at 27,000 rpm for 2 hours in a Beckman Model SW-27 rotor. The junctional SR fraction was recovered from the 1.0/1.5 M sucrose interface, resuspended in 0.25 M sucrose and 30 mM histidine (pH 7.4), and stored at -20° C. Calcium uptake by this fraction was stimulated fivefold to 10-fold by 100 fiM ryanodine (S.P. Penick Co, West Lynhurst, New Jersey). 4 
Purification of High Molecular Weight Proteins
HMW proteins/ryanodine receptors were purified from 3 -[(3 -cholamido-propyl)-dimethylammonio]-1-propane sulfonate (CHAPS) (Sigma Chemical Co, St. Louis, Missouri) solubilized junctional SR membranes. Junctional SR vesicles (35-40 mg of protein) were solubilized at pH 7.4 for 1 hour on ice in 5 ml of buffer containing 20 mM 3-[-/V-morpholino] propane sulfonic acid (MOPS), 250 mM sucrose, 2% CHAPS, 0.5 M KC1, 2 mM dithiothreitol; 0.06 mM CaCl 2 , and 10 /ig/ml leupeptin. During solubilization, the membrane suspension was placed on ice and vortexed for 30 seconds every 10 minutes. Insoluble proteins were removed by ultracentrifugation for 5 minutes at 100,000 rpm using a Beckman Model TL 100.2 rotor and a Beckman Model TL 100 ultracentrifuge. The supernatant was fractionated on a Fractogel TSK HW 65 (F) (EM Science, Gibbstown, New Jersey) size exclusion column (90 x 1.6 cm) preequilibrated with the CHAPS solubilization buffer supplemented with 0.3% CHAPS and 5 /xg/ml leupeptin. Three-milliliter fractions were collected at a flow rate of 15 ml/hr. Fractions enriched in HMW proteins were identified by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie blue or silver staining as well as by measuring [ Grace & Co, Danvers, Massachusetts). Concentrated samples (500 fxg protein/0.5 ml) were further purified by sedimentation through 12.2-ml 9-24% linear sucrose gradients prepared in 20 mM MOPS, 0.5 M KC1, 2 mM dithiothreitol, 0.06 mM CaCl 2 , and 0.3% CHAPS at pH 7.4. Gradients were centrifuged in a Beckman Model SW 40 rotor at 35,000 rpm for 12.5 hours at 4° C. After centrifugation, 0.24-ml fractions were collected and aliquots subjected to SDS-PAGE and assayed for [ 3 H]ryanodine binding. Selected fractions containing only HMW proteins were used for electrophysiological studies.
In some experiments, HMW proteins were purified from cardiac junctional SR membranes after initial solubilization in Zwittergent 3-14 (Calbiochem, San Diego, California). 26 Fractionation by size-exclusion chromatography and sucrose density gradient centrifugation were performed as described above. Junctional SR vesicles (30 mg of protein) were solubilized on ice for 10 minutes at pH 7.4 in a buffer consisting of 3% Zwittergent 3-14, 0.5 M NaCl, 20 mM MOPS, 0.5 /xg/ml leupeptin, 100 /uM phenylmethysulfonyl fluoride (PMSF), 100 yM Ntosyl-L-phenylalanine chloromethylketone (TPCK), and 100 /iM N-p-tosyl-L-lysine chloromethylketone (TLCK). Size-exclusion chromatography of the supernatant was performed in a buffer consisting of 20 mM MOPS, 10 mM CaCl 2 , 0.6 M NaCl, and 0.005% Zwittergent 3-14, at pH 7.1. Sucrose gradient centrifugation was conducted in a buffer consisting of 40 mM tris(hydroxymethyl) aminomethane (TRIS) (Sigma Chemical Co), 1.0 M NaCl, 0.4 mM CaCl 2 , 0.1 mM [ethylenebis(oxyethylenenitrilo)] tetraacetic acid (EGTA), and 1% CHAPS at pH 7.1. Gradients were centrifuged in a Beckman Model SW 40 rotor at 20,000 rpm for 17 hours at 4° C. Fractions containing only HMW proteins, as identified both by Coomassie blue and silver staining, were used for electrophysiological experiments. 
SDS-PAGE and Protein Assay
SDS-PAGE was performed with 5% polyacrylamide gels [acrylamide/bis=30/0.8 (wt/wt)] according to our modification 28 of the method of Porzio and Pearson. 29 Gels were stained with either Coomassie blue or by the silver method. 30 With the use of a 2 -macroglobulin (M r =340,000) as the largest protein standard, we obtained calculated molecular weights of 400,000 and 350,000 for the cardiac HMW protein doublet. Protein contents were determined according to Schaffner and Weissman, 31 using bovine serum albumin as the standard.
Planar Bilayer Measurements
Single-channel activities were recorded by the Mueller-Rudin lipid bilayer technique. 32 A mixture of phosphatidylserine and phosphatidylethanolamine (4:5 weight ratio) in decane was painted over a 0.25-mm diameter hole in the Lexan partition that separated the cis and trans chambers of the bilayer apparatus. The cis chamber, to which vesicles or purified proteins were added, contained 1 mM CaCl 2 , 1 mM EGTA, 125 mM TRIS, and 250 mM (N-2-hydroxyethylpiperazine-/V'-2-ethanesulfonic acid (HEPES), at pH 7.4. The calculated free calcium concentration in the cis chamber was 1 ^M. The trans chamber contained 50 mM Ba(OH) 2 and 250 mM HEPES, at pH 7.4. Under these bi-ionic conditions where EJRIS is nominally minus infinity, Edi vmi em equals +125 mV, and E H EPES equals 0 mV. Calcium-release channels could be identified as negative current deflections of approximately 4 pA at 0 mV holding potential.
The cis chamber was connected to the input of a modified Dagan Model 8900 patch clamp amplifier (Minneapolis, Minnesota), and the trans chamber was connected to ground. Single-channel currents were filtered at 1 KHz and stored on videotape using an audioprocessor. 33 For analysis, signals were filtered at 250 Hz with an eight-pole Bessel filter (model 902, Frequency Devices, Haverhill, Maryland) and digitized at 5 KHz. Single-channel analysis was performed using custom designed software on a PDP 11/23 computer. The baseline current was determined using a zero crossing algorithm, and the threshold was 
Results
Purification of High Molecular Weight Proteins
We observed that 100% of the [ 34 Receptors were purified 20-to 30-fold relative to specific binding activity detected in the parent junctional SR vesicles (10 pmol/mg protein).
When cardiac junctional SR vesicles were first solubilized with Zwittergent 3-14 and fractionated by size-exclusion chromatography in the same detergent, a much greater initial purification of HMW proteins was achieved ( Figure 4A ). Exchange of Zwittergent 3-14 with CHAPS by sucrose density gradient centrifugation allowed purification of the HMW proteins to apparent homogeneity ( Figure  4B , lane C), but no [ 3 H]ryanodine binding activity could be detected in the purified preparation, even though calcium channel activity was readily measured (see below). Figure 5 is a typical recording of single barium channel activity obtained after addition of 2 /ig of canine cardiac junctional SR vesicles to the cis chamber of the bilayer apparatus. In the presence of 50 mM trans barium, the channels had a slope conductance of 85 ± 11 pS and a reversal potential of 37± 18 mV (n=6). This slope conductance is similar to values previously reported for cardiac 18 - 21 and skeletal muscle calcium release channels. 17 - 22 The deviation of the reversal potential from the pre- )/] we found P(Ba)/P(TRIS) to equal 14.4. This assumes no HEPES permeability, that activity is equivalent to the indicated concentrations, and that no differences between cis and trans surface potentials exist.
Calcium Channel Activity of Cardiac Junctional Sarcoplasmic Reticulum Vesicles
As previously described by others, 17 ' 21 we found that channel opening was dependent upon micromolar calcium in the cis buffer chamber and that channel open time was increased by the addition of 1 mM ATP (Sigma Chemical Co) to the cis side of the bilayer (data not shown). Additionally, after fusion of native vesicles to the bilayer, the probability of the channel being in the open state was increased by 10 nM cis ryanodine and decreased by 100 /iM cis ryanodine (data not shown). The slope conductance, reversal potential, P(Ba)/P(TRIS), and regulation of channel kinetics by calcium, ATP, and ryanodine demonstrate that the channel described here corresponds to the calcium-release channel characterized previously in cardiac junctional SR vesicles by Rousseau et al.
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Channel Activity of Purified High Molecular Weight Proteins
HMW proteins, whether purified from CHAPS or Zwittergent 3-14 extracts of SR membranes, exhibited single-channel activity similar to that detected with native SR vesicles. Typical channel activity recorded from purified HMW proteins initially solubilized with CHAPS is depicted in Figure 6 . The large conductance channel in the purified preparation appeared identical to the large conductance channel exhibited by'native SR vesicles. The mean slope conductance of this channel was determined to be 96± 13 pS; the reversal potential was 42±9 mV (/i=5). The slope conductance and reversal potential of the purified HMW proteins and the calciumrelease channel of native junctional SR vesicles were therefore similar. Figure 7B shows channel activity recorded from purified HMW proteins initially solubilized with Zwittergent 3-14. The slope conductance of Zwittergent 3-14 and CHAPS solubilized purified protein channels was similar. Openings of the Zwittergent 3-14 solubilized channel, however, were less frequent; and the open state amplitudes were less well resolved than with native SR vesicles. A second, small conductance channel (slope conductance-5.5 pS) was also frequently observed after reconstitution of HMW proteins purified from either Zwittergent 3-14 ( Figure 7B ) or CHAPS solubilized membranes (Figure 8 ).
The probability of the purified calcium channel being in the open state was found to be dependent upon the cis calcium concentration ( Figure 7A ). Lowering the cis calcium concentration from 1 nM to 1 nM by addition of EGTA decreased the percent of channel open time from 7±1% to 0.1% at a holding potential of -100 mV ( Figure 7A ). In the presence of 1 /iM cis calcium, ATP (1 mM) in the cis chamber further increased the channel open time from 6± 1% to 52 ±7% at a holding potential of -100 mV ( Figure 7B ). No differences were noted in ATP or calcium effects between channels purified from Zwittergent 3-14 or CHAPS extracts.
Ryanodine regulated the probability of channel opening in a complex fashion. Purified proteins from Zwittergent 3-14 extracts that did not bind [ 3 H]ryanodine, as well as purified proteins from CHAPS extracts that did bind ryanodine (Figure 2) , exhibited similar responses to ryanodine after incorporation into planar bilayers and are discussed together. Figure 8 illustrates a typical experiment in which two large conductance channels purified from a CHAPS extract were incorporated into the bilayer.
One channel is open much of the time, and the second exhibits frequent transitions between the open and closed states. A low concentration of ryanodine (10 nM) increased channel open time without altering the unitary channel conductance, such that both large channels were continuously open. A 10,000-fold higher concentration of ryanodine (100 fM) increased the probability that the two channels were closed. After the addition of this high concentration of ryanodine to the cis chamber, only rare brief openings were consistently seen. Channel conductance, however, was not altered.
Discussion
We report here the purification of canine cardiac junctional SR HMW proteins, which are demonstrated to bind ryanodine and to exhibit divalent cation channel activity that is regulated by ATP, ryanodine, and micromolar calcium. Purification of the ryanodine receptor from cardiac 1623 and skeletal 15 -20 -22 muscle has been recently reported by other laboratories, but this study is the first demonstrating that the protein purified from heart exhibits ryanodine-sensitive cation channel activity. Depending on the gel system used and protein standards analyzed, the apparent molecular weight of the ryanodine receptor purified from either tissue has been reported to range between 320,000 and 450,000.i5.i6.2o.22.23 j t n a s n o w become apparent that the purified ryanodine receptor is identical to the so-called "high molecular weight proteins" previously characterized in skeletal muscle by Caswell and Brunschwig 36 and in cardiac muscle by Seiler et al. 10 Our earlier results 10 demonstrated that the HMW proteins are readily degraded by calciumactivated protease. The significance of the lower molecular weight protein component of the doublet remains uncertain, but it is possible that it is a proteolytic fragment of the higher M r protein component. Morphological studies 22 have suggested the identities of the ryanodine receptor, the HMW proteins, and the feet structures of junctional SR. The purified ryanodine receptor from skeletal and cardiac muscle has been demonstrated to bind 280-650 pmol [ vesicles fused with planar lipid bilayers. Calciumrelease channels should exhibit relatively large divalent cation conductance and should be regulated by micromolar calcium, adenine nucleotides, and ryanodine. 17 -21 Our single-channel results on the purified cardiac HMW proteins fulfill all of these criteria. The purified channel had a slope conductance of % pS and a reversal potential of +42 mV with 50 mM trans barium. Similar values were obtained with intact junctional SR vesicles. Moreover, channel opening required micromolar calcium in the cis chamber, was stimulated by ATP, and was differentially regulated by ryanodine. Imagawa et al 20 recently measured the single-channel activity of the digitonin solubilized ryanodine receptor isolated from skeletal muscle SR vesicles. Only subconductance states (of 35 and 22 pS) were detected, and the channels were not regulated by calcium or ATP. Lai et al, 22 on the other hand, purified the CHAPS solubilized ryanodine receptor from skeletal muscle SR and observed the appropriate channel conductance (91 pS) as well as channel regulation by calcium, ATP, and ruthenium red. Thus, our results and those of Lai et al 22 suggest that all of the allosteric regulatory sites identified to date for the calcium-release channel reside in the same HMW protein components.
HMW proteins purified after initial solubilization in Zwittergent 3-14 did not bind ryanodine but did exhibit ryanodine-sensitive channel activity after incorporation into lipid bilayers. We believe the most likely explanation for this apparently paradoxical result is that Zwittergent 3-14 denatured most of the ryanodine receptors. Because the planar bilayer method is so sensitive and only selects for active channels, only a small percent of residually active receptors would be required for detection of single-channel activity. Alternatively, it is possible that Zwittergent 3-14 solubilized receptors "renatured" after incorporation into phospholipid bilayers. Arguing against this, however, we could not restore any significant [ bility that the large conductance channel was in the open state without altering unitary channel conductance. Much higher concentrations (100 fjM) of ryanodine increased the probability the channel was in the closed state. These results differ from the observations of Rousseau et al, 21 who measured ryanodine effects on single channels after fusion of native cardiac or skeletal muscle SR vesicles with planar bilayers. These investigators observed that 15-30 /AM ryanodine produced prolonged channel open states and decreased channel conductance from 83 to 42 pS. Our results, however, are consistent with previous 45 
Ca
2+ flux measurements demonstrating that low concentrations of ryanodine increase calcium efflux from junctional SR vesicles and that high concentrations of ryanodine inhibit calcium efflux. 10,11.3738 Failure of Rousseau et al 21 to observe prolonged channel closed states with ryanodine may be dose related. In our hands, 30-50 ^.M ryanodine produced variable effects on channel kinetics and only concentrations ^100 /AM consistently produced prolonged channel closures.
The existence of several calcium-release channel substrates has been suggested by different groups. 20 -22 -39 In addition to the 96 pS channel, we observed a 5.5 pS conductance channel. However, we obtained no evidence for interconversion of the 96 pS channel and the 5.5 pS channel by ryanodine. The significance of the small conductance channel and its relation to the large conductance channel is not clear but is presently under investigation. Our results do establish the identity between the cardiac ryanodine receptor, the HMW proteins, and the calcium-release channel with its associated regulatory sites for calcium, ATP, and ryanodine. Detailed electrophysiological comparisons of the properties of the calcium-release channel purified from cardiac muscle and skeletal muscle, as well as sequence information on the two channel proteins, will be required to establish definitively whether different protein isoforms are expressed in the two tissues.
